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Activity of calcium-sensitive phospholipid-dependent protein kinase C
following nephron loss. The localization and activity of the calcium-
sensitive phospholipid-dependent protein kinase C (PKC) were exam-
ined following the loss of 50% of functioning nephron mass. Four hours
following unilateral nephrectomy in rats, soluble (100,000 g superna-
tant) proteins in the contralateral kidney were increased by 11%
compared to sham operated controls; the increase was 33% 144 hours
following surgery. The specific activity of PKC did not change in the
cytosol at any of the time periods examined and averaged 63.9 8.2
pmol mg . min' in unilaterally nephrectomized animals four hours
following surgery. Four hours following sham surgery total soluble
PKC activity averaged 1667.0 278.4 pmol kidney min',
whereas activity averaged 3067.7 415.4 pmol . kidney' . min in
animals post-nephrectomy (N = 5, P < 0.04). Similar data was seen 144
hours following surgery. To examine the PKC activity in plasma
membranes of proximal tubular cells, brush border membranes were
prepared from rat kidney cortex. Twenty-four hours following unilat-
eral nephrectomy, activity averaged 193.8 14.9 pmol mg' min,
while activity in membranes isolated from sham operated animals
averaged 76.6 8.0 pmol . mg min (N 5, P < 0.001). Similar
data was evident 48 hours following surgery. A small increment in
activity was seen in the basolateral membrane preparation 24 hours
following unilateral nephrectomy but not at 48 hours. These data
indicate that cellular PKC activity increases rapidly following reduc-
tions in renal mass, and there are selective increments in the brush
border membrane of the proximal tubular cell, The localization of PKC
to this membrane may have important consequences for adaptations
following nephron loss.
The mechanisms underlying cell growth have become in-
creasingly clear with the discovery of multiple growth factors
and oncogenes whose products mimic these factors or their
receptors [1—4]. Additional insight has been gained with the
discovery by Takai et a! of the calcium-sensitive phospholipid-
dependent protein kinase C (PKC) [5, 61. Numerous studies of
cells in culture indicate that the interaction of some growth
promoting factors with their receptors leads to the breakdown
of phosphoinositides with the generation of diacyiglycerol and
inositol triphosphate (1P3) [7—9]. Diacylglycerol has been shown
to lower the requirements of PKC for calcium [10]. Inositol
triphosphate stimulates the release of calcium from intracellular
stores, presumably the endoplasmic reticulum [11]. PKC has
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been shown to activate an electroneutral Na/H exchanger
leading to increased proton extrusion from cells with resultant
intracellular alkalinization [12, 13]. These changes acting in
concert are thought to play a major role in triggering the
biochemical processes associated with growth.
Following reductions in renal mass, the remaining kidney
undergoes hypertrophy with an associated increment in func-
tional capacity. The initiating mechanisms of this hypertrophy
are unclear although substantial evidence suggests that humoral
factors are, in part, responsible [14—17]. The proximal tubule
possesses an active Na/H exchanger in the luminal mem-
brane which plays an important role in bicarbonate reclamation
by the kidney [18]. Prior studies have demonstrated that the
luminal membrane also contains significant PKC activity [19].
Since PKC might play a role in the growth response of the
kidney, the purpose of this study is to examine the activity and
localization of the calcium-sensitive phospholipid-dependent
protein kinase C in renal tissue following a reduction in nephron
mass.
Methods
Animal and tissue preparation
Male Sprague-Dawley rats, weighing 145 to 185 grams, were
used for all studies. Animals underwent either a right sham or
right unilateral nephrectomy via a flank incision under ether
anesthesia. The wound was closed in two layers and the animals
were allowed free access to food and water. After the indicated
time intervals, animals were sacrificed and the kidneys homog-
enized in 7 ml of buffer that contained 250 m sucrose, 20 mM
Tris-HCI (pH 7.5), 0.2 mr'i EGTA and 0.2 mM EDTA. Twenty
strokes of a motor-driven Teflon pestle and a glass tissue
grinder tube were used to homogenize the tissue. In studies of
cortex, cortical tissue was dissected on a glass plate in an ice
bath and the tissue was homogenized in 7 ml of buffer. Homoge-
nates were centrifuged at 100,000 g at 2°C for 60 minutes using
a Ti-40 rotor and a Beckman L8-55 ultracentrifuge (Beckman
Inst., Fullerton, California, USA). The supernatant fraction
was decanted from the firm pellet, and stored briefly on ice. In
studies of whole kidney, 500 il were measured by positive
displacement and weighed along with the entire supernatant
fraction (Mettler PE 360, Mettler Instruments, Greifensee,
Switzerland). The volume of the supernatant was calculated.
Brush border membranes were prepared from rat kidney
cortex by standard methods [20, 21]. Basolateral membranes
from cortical tissue were prepared by the method of Saktor et a!
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[22]. In studies in which membranes were solubilized, 5 mg of
protein were resuspended in 1.0 ml of buffer which contained 20
mM TRIS-HC1 (pH 7.5), 0.05 mM EGTA, 0.05 mtvt EDTA and
1% Nonidet P 40 (Sigma Chemical Co., St. Louis, Missouri,
USA). The tubes were incubated on ice for 15 minutes and the
mixtures used for protein separation.
Protein separation
Calcium-sensitive phospholipid-dependent protein kinase
(PKC) was separated by anion exchange chromatography.
DE-52 (Whatman Ltd., Maidstone, UK) anion exchange
resin was equilibrated in buffer that contained 20 mM TRIS-HCI
(pH 7.5), 0.05 mi EGTA and 0.05 mist EDTA (Buffer A).
Cytosol 2.5 mg or membranes 5 mg were applied to the columns
(10 x 0.9 cm) and the columns were washed with 6 ml of buffer
A, followed by 3 ml of buffer A that contained 20 mM NaCI.
PKC was eluted in 3 ml of buffer A that contained 0.15 mM
NaCl.
Protein kinase assay
This assay was designed to measure the transfer of the
gamma phosphorus of ATP to histones catalyzed by PKC in the
aliquots. PKC activity is stimulated by phosphatidylserine and
diolein in the presence of calcium. The incubation volume was
250 d. Assays were carried out in 13 x 100mm glass tubes. The
media contained 25 mivi TRIS-HCI, (pH 7.5), 10 mrvi MgCI2, 0.1
mM CaCI2, 40 g of histone V-S (Sigma), and 10 JLM y 32P-ATP
(70 to 200 cpm/pmol, New England Nuclear, Boston, Massa-
chusetts, USA). Samples were incubated with and without 20
LM 1,2 diolein and 25 M phosphatidylserine (Sigma). Phospha-
tidylserine and diolein were added separately to the incubation
media in 20 pi aliquots. Prior to addition, lipids were evapo-
rated to dryness under nitrogen and resuspended in H20. Lipids
were sonicated by three 20 second bursts on ice under nitrogen
using a cup sonicator (Braun-Sonic, B. Braun Inst., San Fran-
cisco, California, USA). Assays were carried out in a dry bath
incubator at 30°C. For studies of cytosol, 30 1 aliquots were
incubated for four minutes. Membranes were studied by assay-
ing 25 .d aliquots for 2.5 minutes. PKC activity was a linear
function of both aliquot size and time of incubation. Kinase
activity was halted by the addition of 5 ml of ice-cold 7%
trichloroacetic acid (TCA). A Millipore ultrafiltration manifold
(Millipore Inc., Bedford, Massachusetts, USA) loaded with
GF/C 2.4 cm glass fiber filters (Whatman Ltd.) was used to trap
phosphorylated histones. The precipitate was washed twice
with 5 ml of ice-cold 7% TCA. Filters were allowed to dry and
were placed in vials along with 5 ml of Biofluor (New England
Nuclear) and radioactivity determined using a Packard 3320
liquid scintillation spectrophotometer (Packard Inst., Downers
Grove, Illinois, USA). All assays were carried out in triplicate.
Activity in the absence of lipids were subtracted from that in the
presence of lipids.
Intravesicular volume
Volumes of membrane vesicles were measured using the
equilibrium concentration of (3H)-glucose. Membranes were
washed and resuspended in buffer containing 250 m'vi mannitol,
10 mM TRIS-HCI (pH 7.4) at a concentration of 10 to 12 mg/mI.
Ten microliters of this mixture was added to 40 1 of buffer in 13
x 100 mm glass tubes that contained (3H)-glucose, 5200 to 6500
Fig. 1. Whole kidney homogenate and cytosolic proteins. Four to five
animals were studied in each group. Animals underwent sham (U) or
right unilateral () nephrectomy and were sacrificed after the indicated
intervals. Cytosol was prepared by centrifugation of whole kidney
homogenates at 100,000 g for 60 minutes at 2°C. Abbreviations are: SNx
sham nephrectomy, UNx unilateral nephrectomy. Statistical compari-
sons are between sham and nephrectomized animals at each time
period. * p < 0.03, ** P < 0.01. Data are expressed as means SE.
cpm!d (New England Nuclear). The tubes were allowed to sit
at room temperature for 90 minutes, afterwhich 4 ml of ice-cold
buffer were added. The mixture was vortexed and filtered over
0.65 m filters (Millipore, Inc.). The filters were washed twice
with 4 ml of buffer and allowed to dry. Five ml of Biofluor were
added and radioactivity determined. Non-specific filter binding
was measured by incubating tubes with (3H)-glucose but no
membranes. Non-specific binding was subtracted from total
activity. All studies were done in triplicate.
Other analyses
Proteins were determined by the method of Lowry et al [23).
Alkaline phosphatase and acid phosphatase were measured as
described in Sigma Technical Bulletin no. 104. Succinate dehy-
drogenase was measured by the method of King, NADH
dehydrogenase by the method of Wallach et al, and NaK
ATPase as previously described [24—26]. Statistics were per-
formed using the unpaired Student's t-test [27].
Results
Animals underwent either sham or unilateral nephrectomy
and were sacrificed at 4, 24, or 144 hours following surgery.
Animal weights were not different when sham and nephrecto-
mized animals were compared at defined time periods (data not
shown). Whole kidney proteins were examined at the indicated
time intervals (Fig. 1A). Proteins of nephrectomized animals
were elevated when compared to sham operated animals only in
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Fig. 2. Separation of PKC activity. Brush border membranes which
contained 5 mg of protein were solubilized in 1% NP 40 and applied to
anion exchange columns. The columns were washed with 6 ml of buffer
that contained 20 m TRIS-HCI (pH 7.5), 0.05 mr..s EGTA and 0.05 mM
EDTA, followed by 3 ml of buffer that contained 20 mri NaCI. PKC
activity was eluted in 3 ml of 0.15 M NaCI in buffer. An additional 3 ml
were collected. Parallel studies were performed except that columns
were eluted with 0.3 M NaCl in buffer. Four separate preparations were
studied in each group. PKC activity was measured by a histone assay.
the group 144 hours following surgery. Wet kidney weight
averaged 1.410 0.042 g in nephrectomized animals 144 hours
following surgery as compared to 1.043 0.076 g in controls (N
= 4, P < 0.01). Because cytosolic proteins may have a different
time of appearance when compared to whole kidney proteins,
total soluble proteins were examined at 4, 24 and 144 hours
following surgery (Fig. 1B). At each time point, proteins from
nephrectomized animals were greater than sham operated con-
trols. In separate studies, the membranous protein (100,000 g
pellet) content of sham operated animals 144 hours following
surgery averaged 109.2 5.2 mg while that of nephrectomized
animals averaged 143.7 6.1 mg (N = 4, P <0.01). When sham
and nephrectomized membranous protein content were exam-
ined at 4 or 24 hours following surgery, differences were not
apparent (data not shown).
In preliminary studies we attempted to measure PKC activity
in cytosol and detergent extracts of membranes; however,
despite the use of several detergents including Triton X-100,
Nonidet P-40 and octyl-glucoside, lipid stimulated activity was
extremely low. Therefore, we used anion exchange columns to
partially purify PKC. In order to examine the efficacy of the
separation technique for PKC, extracts that contained 5 mg of
brush border membrane protein were applied to anion exchange
columns. The columns were washed with 6 ml of buffer that
contained 20 ms TRIS-HC1 (pH 7.5), 0.05 m EGTA and 0.05
mM EDTA, followed by 3 ml of 20 mtvi NaCI in buffer. Proteins
were eluted in 3 ml of 0.15 M NaC1 in buffer. Columns were
further eluted with an additional 3 ml. As shown in Figure 2, the
first 3 ml of buffer with high salt removed the majority of protein
kinase activity. A small portion was removed by an additional 3
ml. Further elution did not result in the removal of more kinase
Time, hours
Fig. 3. Cytosolic PKC activity. Animals underwent sham (U) or uni-
lateral () nephrectomy and were sacrificed at the indicated intervals.
Cytosol was prepared by centrifugation of whole kidney homogenates
at 100,000 g for 60 minutes. PKC activity was assayed after the
application of 2.5 mg of cytosolic proteins to anion exchange columns.
In the lower portion of the figure, activity is expressed per milligram of
cytosolic protein. In the upper part of the figure, whole kidney soluble
protein activity is depicted. Data are expressed as means SE. Four to
five animals were studied in each group. * P <0.05, ** P < 0.01.
activity (data not shown). Raising the salt concentration to 0.3
M did not result in additional protein kinase activity in either the
first or the second elutions. Recovery of PKC activity in the
first 3 ml of high salt buffer was greater than 80% of the total.
When assayed at 4, 24 or 144 hours following surgery, no
alteration in the specific activity of cytosolic PKC could be
detected (Fig. 3). However, whole kidney soluble PKC was
rapidly elevated. This stimulation was evident at all time
periods studied.
To compare brush border and basolateral membrane PKC
content following sham or unilateral nephrectomy, these mem-
branes were prepared by standard methods from rat cortical
tissue. Brush border membranes were prepared by the magne-
sium aggregation technique and basolateral membranes by the
self-orienting Percoll gradient procedure of Saktor et at [20—22].
To insure that similar membrane populations were being stud-
ied, marker enzyme enrichments and balance studies, including
measurements of activities in all portions of the preparations,
were performed 24 hours following sham or unilateral nephrec-
tomy. As shown in Table 1, alkaline phosphatase was enriched
in both the sham and the nephrectomized brush border mem-
brane preparations. A slight enrichment in acid phosphatase
was also seen. No significant enrichments of NaK ATPase,
succinate dehydrogenase or NADH dehydrogenase were ob-
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Table 1.
BLM BBM
SNx UNx SNx UNx
Alkaline phosphatase mol/mgImin
Homogenate
Membrane
Enrichment
%Recovery
Acid phosphatase nmol/mg/min
Homogenate
Membrane
Enrichment
% Recovery
NADH dehydrogenase p.mol/mg/min
Homogenate
Membrane
Enrichment
%Recovery
Succinate dehydrogenase j.mol/mg/min
Homogenate
Membrane
Enrichment
% Recovery
Na K ATPase nmollmg/min
Homogenate
Membrane
Enrichment
% Recovery
0.585 0.031
0.589 0.056
1.01 0.07
105.4 5.3
66.8 9.2
71.8 6.9
1.06 0.16
89.3 7.3
0.517 0.047
0.466 0.069
0.90 0.08
Ill.! 6.0
0.175 0.020
0.053 0.014
0.31 0.12
99.9 5.7
4.24 0.49
47.63 0.74
11.2 1.5
95.8 10.7
0.592 0.029
0.595 0.063
1.02 0.063
95.4 3.1
67.0 6.2
83.1 9.7
1.27 0.20
87.6 5.7
0.491 0.034
0.484 0.058
0.98 0.06
102.6 5.2
0.180 0.016
0.068 0.013
0.39 0.08
93.4 2.7
4.59 0.44
43.89 0.26
9.8 1.0
86.5 11.2
0.581 0.081
5.535 0.726
9.56 0.31
112.1 9.5
77.0 7.9
118.5 20.1
1.52 0.17
90.0 4.8
0.479 0.043
0.399 0.052
0.84 0.13
94.1 2.6
0.201 0.20
0.100 0.008
0.52 0.09
106.4 8.9
4.00 0.49
3.73 0.77
0.94 0.26
87.1 14.9
0.653 0.033
6.584 0.809
10.07 0.91
99.9 2.7
78.3 9.8
118.0 18.9
1.52 0.27
102.9 4.3
0.471 0.039
0.448 0.050
0.96 0.09
101.9 2.3
0.225 0.011
0.085 0.014
0.38 0.05
100.5 3.1
5.53 0.65
4.55 0.35
0.83 0.11
92.9 7.8
Four to five animals were studied in each group. Data are expressed as means SE. Brush border (BBM) or basolateral (BLM) membranes were
prepared 24 hours following sham (SNx) or unilateral (UNx) nephrectomy. Differences in enzyme enrichments or percent recoveries were not
evident when the two groups were compared for a defined enzyme.
served, suggesting that these preparations were not enriched in
basolateral membranes, mitochondria or endoplasmic reticu-
lum. Furthermore, enrichments and recoveries were similar in
the sham operated and the nephrectomized animal prepara-
tions. When basolateral membranes were studied, there was a
nine- to elevenfold enrichment in NaK ATPase in these
preparations. No clear enrichments of the markers of other
membranes were evident, suggesting little contamination of this
preparation. Again, enrichments and recoveries were similar
when the two groups were compared.
Brush border membrane PKC activity was examined 24
hours following sham or unilateral nephrectomy. As shown in
Figure 4, brush border membranes contained significantly more
kinase activity 24 hours following unilateral nephrectomy than
did brush border membranes prepared from sham-operated
control animals. Similar data was evident 48 hours following
surgery. More brush border membrane PKC activity was de-
monstrable 24 hours following nephrectomy than at 48 hours.
PKC activity was not affected by exposure to detergent since
incubation of cytosol in buffer which contained 1% NP-40 prior
to column separation had no discernable effect. PKC activity in
control cytosol averaged 63.1 4.8 pmol mg . min while
activity of cytosol exposed to NP-40 averaged 65.7 8.2
pmol . mg1 . min' (N = 4). The increase in activity of brush
border membranes following unilateral nephrectomy was not
related to differences in cytosolic trapping since intravesicular
volumes did not change. The intravesicular space averaged 1.8
0.2 id/mg protein (N 4) in sham operated animals and 1.4
0.1 p1/mg protein (N = 4) in animals 24 hours post-nephrec-
tomy. Furthermore, cortical cytosolic PKC activity was not
Fig. 4. Brush border membrane PKC activity. Kidneys from multiple
animals were combined 24 or 48 hours following sham (SNx) or
unilateral (UNx) nephrectomy. Brush border membranes were pre-
pared and solubilized in 1% NP-40. PKC activity was assayed after
elution from anion exchange columns. Five separate groups were
compared at each time interval. * p < 0.01, comparison was made
between groups 24 and 48 hours following unilateral nephrectomy. Data
are expressed as means SE.
different 24 hours following surgery. PKC activity in cortical
cytosol averaged 70.6 3.Opmol. mg . min', while activity
in sham operated controls averaged 62.8 11.0 pmol.
mg . min (N = 4). Previous studies have indicated that
brush border membrane PKC activity was not different when
250
200
>-
150
• 100
50
0
p < 0.001 p< 0.0001
IITI
24 Hours 48 Hours
220 Hise and Mehta: Regulation of PKC during renal growth
2
4)0
oE
24 Hours 48 Hours
Fig. 5. Basolateral membrane PKC activity. Basolateral membranes
were prepared from cortical tissue by the method of Sacktor 24 or 48
hours following sham (SNx) or unilateral (UNx) nephrectomy. After
solubilization in 1% NP-40, extracts were applied to anion exchange
columns and PKC activity eluted in 0.15 M NaC1. Assays were
performed immediately. Five separate groups were studied at each
interval. Data are expressed as means SE.
membranes were prepared in the presence or absence of 2 mrvi
EGTA [19]. Similar data were observed in these studies of renal
membranes (data not shown). Illustrated in Figure 5 is the PKC
activity of basolateral membranes following sham or unilateral
nephrectomy. Increased activity was evident in basolateral
membrane preparations 24 hours following unilateral nephrec-
tomy when compared to sham operated controls. However,
differences were not apparent 48 hours following surgery.
Discussion
Two major pathways have been implicated in the control of
cell growth. Some growth factors act through receptors that
have tyrosine kinase activity. Growth is thought to be a result of
the phosphorylation of proteins on tyrosine [28]. Other growth
factors lead to the hydrolysis of inositol lipids with the produc-
tion of diacyiglycerol and inositol triphosphate [7—9, 29]. As
noted earlier, diacylglycerol activates protein kinase C in the
presence of calcium and phospholipids, and inositol triphos.
phate causes the release of calcium from intracellular stores.
Although studies of renal cells in culture have demonstrated
that phorbol esters, which activate PKC, can stimulate a rapid
increment in sodium phosphate and sodium alanine co-trans-
port, the majority of data suggests that Na/H exchange is
stimulated by PKC in the plasma membranes of most cells [12,
13, 30, 31]. Activity of canine proximal tubular Na/H ex-
change can also be increased by phorbol esters [321. Mutants
that lack the exchanger cannot grow unless cytoplasmic pH is
increased by external means [33]. Increased activity of this
exchanger has been noted early following a reduction in renal
mass and following hypertrophic stimuli of renal proximal
tubular cells in culture [34, 35].
Since PKC may play an important role in the regulation of
renal cell mass following nephron loss, the purpose of this study
was to examine the activity and the localization of the enzyme
after unilateral nephrectomy. The data in Figure 1 indicates that
whole kidney proteins did not increase within the first 24 hours
following unilateral nephrectomy, but were clearly elevated six
days following surgery. Of interest is the observation that
cytosolic proteins rise rapidly following nephron loss. This
increase in cytosolic proteins is associated with an increment in
soluble whole kidney PKC activity (Fig. 3). Brush border
membrane PKC activity was studied at 24 and 48 hours follow-
ing nephrectomy (Fig. 4). At both intervals, PKC was signifi-
cantly greater in the membranes of animals post-nephrectomy
when compared to the membranes of sham-operated control
animals. Membrane activity 24 hours following nephrectomy
was greater than membrane activity in nephrectomized animals
48 hours following surgery. This increment in activity could not
be explained by cytosolic trapping or differences in cortical
cytosol activity. Differences also were not related to the mem-
brane preparations under study, since careful enzyme analyses
and balance studies (Table 1) demonstrate that similar mem-
brane populations were examined in sham and nephrectomized
animals. Basolateral membrane PKC activity was also exam-
ined at 24 and 48 hours following nephrectomy (Fig. 5). In these
studies, activity was increased in the membranes prepared from
animals 24 hours following nephrectomy when compared to
sham operated controls but not at 48 hours. These studies must
be interpreted with caution, however, since the basolateral
membrane preparation is contaminated with brush border mem-
branes (—l5%). Because of the very large rise in brush border
membrane activity, no clear picture of the activity in the
basolateral membrane can be obtained. Two facts are obvious,
first the basolateral membrane contains less PKC activity than
does the brush border membrane, results which confirm previ-
ous studies, and second, any increments of activity are not
stimulated to the same magnitude when compared to the brush
border membrane [19].
The higher activity of PKC in the brush border membrane
when compared to the basolateral membrane, and the incre-
ments seen following a reduction in renal mass suggest that in
proximal tubular cells, the primary location of PKC's actions
are at the luminal membrane. Since most receptors are located
in the basolateral membrane of the proximal tubular cell,
further studies will be necessary to understand how the activity
of this protein is regulated. The presence of increased quantities
of PKC in the luminal membrane following nephron loss may
have important implications for growth and the regulation of
membrane transport by the metabolism of intermediate pro-
teins.
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